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Preface 

This model investigation was authorized by Headquarters, U.S. Army Corps 
of Engineers (HQUSACE), on 14 June 1993 at the request of the U.S. Army 
Engineer District, Little Rock.  The studies were conducted by personnel of the 
Hydraulics (HL) and Structures (SL) Laboratories of the U.S. Army Engineer 
Waterways Experiment Station (WES) during the period June 1993 to 
November 1994. This is Report 1 of a series.  Report 2 presents the results of 
the structural dynamics/finite-element studies on the torque-tube gate model. 

The study was conducted under the direction of Messrs. F. A. 
Herrmann, Jr., Director, HL; B. Mather, Director, SL; R. A. Sager, Assistant 
Director, HL; and J. T. Ballard, Assistant Director, SL; and under the general 
supervision of Mr. G. A. Pickering, Chief, Hydraulic Structures Division 
(HSD), HL; Dr. J. P. Balsara, Former Chief, Structural Mechanics Division 
(SMD), SL; Dr. R. Mosher, present Chief, SMD; Mr. N. R. Oswalt, Chief, 
Spillways and Channels Branch (SCB), HSD; and Dr. R. L. Hall, Chief, Struc- 
tural Analysis Group (SAG), SMD.  Project engineers for the model studies 
were Mr. B. P. Fletcher, SCB, and Dr. L. A. de Bejar, SAG.  The technican 
assisting the study was Mr. K. Pigg, SCB.  Instrumentation and data analysis 
support were provided by Messrs. H. C. Greer, J. C. Abies, S. W. Guy, and 
T. W. Warren, Instrumentation Service Division, WES.  This report was pre- 
pared by Mr. Fletcher and Dr. de Bejar. 

During the investigation, Messrs. Sam Powell, HQUSACE; Raymond 
Veselka, Tom Plunkett, and Tasso Schmidgall, U.S. Army Engineer Division, 
Southwest; Jack Woolfolk, Estus Walker, Tom Clement, Ed Lofton, Jeff Stiles, 
Robert Young, Tom Papageorge, Larry Winters, Doug Eggburn, and Mitch 
Eggburn, Little Rock District; Wayne Coleman and Chander Sehgal, Harza 
Engineering, Chicago, IL; and Patrick March, Tennessee Valley Authority 
Engineering Laboratory, Norris, TN, visited WES to discuss the program of 
tests and observe the model in operation. 

At the time of publication of this report, Director of WES was 
Dr. Robert W. Whalin.   Commander was COL Bruce K. Howard, EN. 

The contents of this report are not to be used for advertising, publication, 
or promotional purposes. Citation of trade names does not constitute an 
official endorsement or approval of the use of such commercial products. 



Conversion Factors, 
Non-SI to SI Units of 
Measurement 

Non-SI units of measurement used in this report can be converted to SI units 
as follows: 

Multiply By To Obtain 

cubic feet 0.02831685 cubic meters 

degrees (angle) 0.01745329 radians 

degrees Fahrenheit 5/9 degrees Celsius or kelvins1 

feet 0.3048 meters 

feet of water (39.2° F) 2,988.98 pascals 

inches 25.4 millimetres 

kips (force) 4,448.222 newtons 

kip-feet 1,355.8181 newton-meters 

pounds (force) 4.448222 newtons 

pounds (force) per square 
foot 

47.88026 pascals 

pounds (mass) 0.4535924 kilograms 

pounds (mass) per cubic foot 16.01846 kilograms per cubic meter 

1 To obtain Celsius (C) temperature readings from Fahrenheit (F) readings, use the following 
formula:  C = (5/9)(F - 32). To obtain kelvin (K) readings, use:  K = (5/9) (F - 32) + 273.15. 

VI 



1     Introduction 

The Prototype 

The proposed Montgomery Point Lock and Dam would be constructed at 
navigation mile 0.6 near the mouth of the White River.  This portion of the 
White River, known as the White River Entrance Channel, is the initial 
segment of the McClellan-Kerr Arkansas River Navigation System (Figure 1). 
This project would consist of a 670-ft-long1 (useable length 600 ft) by 110-ft- 
wide navigation lock (similar to other locks on the system), a 300-ft-wide 
controlled navigation pass spillway, and a 200-ft-wide fixed uncontrolled 
overflow spillway (Figures 2 and 3). 

This model study focuses on the navigation pass spillway.  The navigation 
pass spillway will be used to maintain the upper pool at a minimum stage of 
el 115.0.2 The spillway would consist of 10 torque-tube gates operated by 
individual hydraulic cylinders.  The operation sequence can be summarized as 
follows.  When the tailwater is at el 115 and falling, the individual spillway 
gates will be raised completely until all are in the fully raised position with the 
upper edge of each gate at el 115.0.  The fully raised gates will be at an angle 
of 70 degrees from horizontal.  The depth of flow over the upper edge of the 
fully raised gates will vary, with the design upper pool level ranging from el 
115.0 to el 119.0.  At some point during the design life of the project, the 
tailwater is expected to drop as low as el 95.0.  The gates will remain in the 
raised position during operations to control upper pool until the tailwater is 
again at el 115.0 and rising.  At this point the gates will be lowered.  During 
periods of controlled flow through the pass, and during periods of gate 
maintenance using the temporary cofferdam, all navigation will be conducted 
through the lock. An isometric view of a typical gate is shown in Plate 1. 

Each of the 10 torque-tube gates will be operated by a hydraulic cylinder 
(Plate 2). The cylinder is oriented along the center line of the gate and is 

1 A table of factors for converting non-SI units of measurement to SI units is found on 
page vi. 
2 All elevations (el) cited herein are in feet referenced to the National Geodetic Vertical 
Datum (NGVD). 
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installed upstream from the center line of the torque-tube.  The cylinder is 
supported on a horizontal trunnion to allow it to pivot in the vertical plane 
during movement of the operating arms.  One gate will be operated at a time 
to reduce the electrical load. 

Each gate will weigh about 89,200 lb.  Upstream and downstream views of 
the gate with pressure gauges installed are shown in Plates 3 and 4.  Because 
of the requirement that the gate cannot project above the top of the sill at 
el 102.0, the gate "wraps around" the concrete housing the drive shafts and 
operating arms as shown in Plate 1.  Consequently the gate is constructed with 
two separate torque-tube segments (Plate 5) and one leaf attached to and trans- 
mitting loads to both torque-tube segments.  Each torque-tube segment rests in 
two bearings and connects to a drive shaft segment (Plate 5).  Each drive shaft 
segment is connected with a spline to a separate operating arm.  The lower 
ends of the two operating arms are connected to a cross beam (Plate 2) which 
is engaged by the cylinder piston (Plate 2).  The gate impact release 
mechanism is a hydraulic system which is integral with the gate operating 
cylinder. 

The torque-tube segments and drive shaft segments for each gate are sup- 
ported by a series of seven bearings situated along the torque-tube center line 
(Plate 5). 

The torque-tube gate is supported in the fully raised position by the hydrau- 
lic cylinder.  Upon impact from a runaway barge or some other large object, 
an abnormally high pressure in the bore end of the cylinder will be created, 
which will open hydraulic valves to vent the fluid from the bore.  The gate 
will lower out of the way of the barge at a speed which will prevent a second 
impact from the barge. 

Purpose and Scope of the Models 

Two model studies were conducted for this project, a hydraulic model and a 
structures model, both by the U.S. Army Engineer Waterways Experiment 
Station (WES). 

Hydraulic Model 

The objectives of the hydraulic model testing were to determine the follow- 
ing for anticipated operation and flow conditions: 

a. The magnitude and frequency of the static and dynamic hydraulic forces 
acting on the upstream and downstream side of the gate and bearing 
blocks. 

b. Moment acting on the torque-tube. 
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c. Hydraulic performance of the spillway. 

d. Potential for debris to circulate on the downstream side of the gate. 

e. Uplift forces on the lowered gates resulting from barge and towboat 
passage over the gate. 

/.   Forces due to lateral approach flow. 

g. Forces when the gate falls due to impact. 

h. The need for a nappe venting system. 

i.   The size and extent of riprap required upstream and downstream from 
the spillway. 

Tests were conducted for anticipated gate operations, discharges, and upper 
pool and tailwater elevations. Test results will provide design guidance for the 
project. 

Structures Model 

The objectives of the structures model testing were as follows: 

a. Construct and instrument a rigid l:15-scale physical model of the gate to 
experimentally determine (1) reaction forces for prototype design of the 
support bearings, and (2) time-histories of hydraulic pressure at selected 
discrete locations on both sides of the gate skin. 

b. Determine a design representation of the net hydrodynamic pressure 
field acting on the gate under (1) regular operating conditions, and 
(2) extreme conditions of discharge and pool elevations and/or unusual 
operation.  These semiempirical representations of the pressure field on 
the gate are based on sound theoretical principles and adjusted to fit the 
results from multiple automatically controlled tests. 

c. Construct an analytical model of the gate for the finite element analysis 
of the structure subjected to the design hydraulic pressure field.  This 
analysis renders design reaction forces at the support bearings to be 
compared with the experimental measurements. 

d. Determine the gate natural frequencies, mode shapes, and parameters of 
energy dissipation mechanisms using (1) finite element analyses, and 
(2) nondestructive experimental techniques.  Knowledge of the gate 
eigenproperties is necessary for effective assessments of structural safety 
during the useful life of the gate. 
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e.  Development of a simple structural model for engineering analysis of the 
dynamic response of the gate under hydraulic flow.  A random-vibration 
model for the stochastic description of the fluctuations of both the 
hydraulic pressure field and selected parameters of structural response 
about the respective steady-state mean components follows a simple 
deterministic representation of the gate system subjected to the hydraulic 
forces. 

By spectral analysis, the study evaluates the safety of a typical torque-tube gate 
in service against fatigue from flow-induced vibrations over its design life. 

Chapter 1    Introduction 



2    The Hydraulic Model 

Description 

A sketch of the l:15-scale section model is shown in Plate 6. The model 
was located inside a 6-ft-wide, 4-ft-deep, and 40-ft-long flume.  A 90-ft-long 
section of the crest, three gates, stilling basin, 385-ft length of the approach 
channel, and a 372-ft length of the channel were simulated in the flume.  The 
gates, drive shafts, operating arms, torque-tubes, and trashracks were 
constructed of brass.  All external structural members were geometrically 
reproduced in the model to ensure simulation of flow patterns.  The model 
components are shown in Figure 4.  A sketch of a torque-tube, drive shaft, and 
operating arm is shown in Plate 7.  Instrumentation of the center gate consisted 
of pressure cells on the upstream and downstream sides of the gate (Plates 3 
and 4), force gauges on the seven bearing blocks (Plate 5) to measure vertical 
and horizontal forces, and force gauges on the operating arms (Figure 4c) to 
measure moment about the center line of the torque-tube. 

Water used in the operation of the model was supplied by pumps, and 
discharges were measured by venturi meters.  Steel rails set to grade along the 
sides of the flume provided reference planes for measuring devices.  Water- 
surface elevations were measured with point gauges. 

Interpretation of Model Results 

The accepted equations of hydraulic similitude, based on the Froude 
criteria, were used to express the mathematical relations between the dimen- 
sions and hydraulic quantities of the model and prototype.  The general rela- 
tions expressed in terms of the model's scale or length ratio Lr are expressed in 
the following tabulation. 
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Characteristic Dimension 
Scale Ratio 
ModekPrototype 

Length L, 1:15 

Area A=4 1:225 

Velocity Vr=llf 1:3.873 

Discharge Q = /.** 1:871.4 

Time T = 11" 1:3.873 

Force F,= L°r 1:3,375 

Frequency fr=1/l? 1:0.258 
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a. View looking upstream 

b. View looking upstream (raised gate) 

Figure 4.  Model components (Sheet 1 of 3) 

10 Chapter 2   The Hydraulic Model 



c.  Instrumented gate 

d.  Instrumented bearing blocks 

SSKP'W 

Figure 4.  (Sheet 2 of 3) 
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e. Gate down 

f.  Gate up 

Figure 4.  (Sheet 3 of 3) 
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3    The Structural Model 
Studies 

Description of Model 

Due to numerous alignment difficulties encountered in the construction of a 
balanced l:15-scale physical model of the gate standing on seven supports 
(refer to Report 2 for details1), the WES engineering team decided to conduct 
the experiments of the project on an instrumented gate to the required scale 
standing on only three supports (see page 16), and recommended reducing the 
number of supports in the final prototype gate to five (the construction process 
at a larger scale is more controllable). 

The physical model of the gate was made out of bronze for convenience of 
construction.  Bronze plates are easier to cut and assemble than structural steel 
plates and contribute to make the rigid gate model closer to a true Froude's 
model.  Consequently, two separate finite element models were developed 
simultaneously:  one bronze analytical model standing on three supports for the 
analysis of the l:15-scale physical model, and another analytical model in 
structural steel standing on five supports for prototype analysis. 

Parameters of force response were measured, in general, using automatically 
monitored strain gauges (Figure 4c).  Support reactions were inferred from 
engineered strain gauges on load cells (i.e., force gauges), two structural 
aluminum tubes per support block (Figure 4d and Plate 7).  The physical 
model of the gate was also instrumented with accelerometers to identify its 
natural structural properties from the forced experimentation (frequencies of 
natural vibration and the corresponding modal shapes).  The corners of the 
gate were instrumented with triaxial accelerometers to identify spatial motions 
of the gate.  Another six linear accelerometers were strategically installed over 
the rest of the gate skin area.  Nine pressure cells on each side of the gate 
(Plates 3 and 4) continually monitored the variation of the hydraulic pressure 
field on the gate during the experiments. 

1 Luis A. de Bejar.  "Montgomery Point Lock and Dam Gate study; Report 2, Montgomery 
Point torque tube gate, a structural model study," Technical Report HL-95-14, U.S. Army 
Engineer Waterways Experiment Station, Vicksburg, MS. 
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Test Procedure 

The first phase of experiments intended to reproduce the effect of the net 
hydrodynamic pressure field acting on the gate under regular operating 
conditions.  The maximum reaction response was obtained when a unit 
discharge of water of 50 cfs ran over the system of three fully raised gates 
with the tailwater pool maintained at 95 ft, prototype level (Plates 8 and 9 and 
Photos 1-6), and the headwater pool growing monotonically from about 114 ft 
to 119 ft, prototype level.  Tests of various durations both with an integral 
nappe and with a ventilated nappe were conducted and contrasted with one 
another to determine the proper modification to the theoretical distribution of 
the hydraulic pressure field to provide an upper bound for design. 

The design pressure field was used for separate finite element analyses of 
the l:15-scale physical model and the prototype.  Corresponding envelopes for 
the components of reaction at the supports were developed for bearing design, 
and the corresponding forces at the actuator cylinder were determined. 

Using the pressure records obtained during the first phase of experiments, 
probabilistic models of extrapolation were applied to predict extreme-value 
pressure fields exerted on the gate in service during its useful life. 

A second phase of experiments was devised to simulate the effect of the net 
hydrodynamic pressure field acting on the gate under extreme conditions of 
discharge and pool elevations and/or unusual operation.  This set of tests 
provided a deterministic envelope to the hydraulic pressure field on the gate 
for ultimate analysis.  Larger unit discharges are considered responsible for the 
substantial increase in the magnitude of the effective hydraulic forces acting on 
the gate during the second phase of the experiments. 

The gate natural frequencies, modal shapes, and equivalent viscous damping 
ratio in both dry and submerged conditions were identified using finite element 
analysis and experimental analysis techniques.  A variety of mutually checking 
methods were implemented in this exercise.  Finite element analyses of the 
physical model standing on dry Teflon bearings on load-cell foundations 
provided the benchmarks for the results from free-vibration (Twang) tests, 
forced vibration tests (flow running over the gate in service), and laser 
vibrometry on the physical model.   Results correlated well. 

A simple structural model for engineering analysis of the gate under 
hydraulic forces was developed.  This engineering model gives a quick and 
practical approximation of the fundamental natural frequency of vibration of 
the gate system and allows the expedient evaluation of its deterministic 
response to the steady-state component of hydraulic flow on the gate.  The 
model is extended with a random-vibration description of the fluctuations of 
both the hydraulic pressure field and selected parameters of structural response 
about their respective steady-state mean values. 
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A spectral analysis of the test records evaluates the safety of a typical 
torque-tube gate in service against fatigue failure from flow-induced vibrations 
over the long run.  These initial studies indicate no significant flow-induced 
vibration problems in the model, since the observed flow conditions produced 
no outstanding oscillation energy.  Therefore,  no evidence was detected 
pointing to flow-induced vibrations of such intensity to produce fatigue in 
components of the prototype; however, this does not ensure categoric safety 
against fatigue in the prototype. 

15 
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4    The Hydraulic Model 
Studies 

16 

Symmetry and System Response 

Verification tests to ensure that the model was capable of simulating and 
measuring the magnitude and frequency of the hydraulic forces were 
conducted.  The first tests consisted of measuring the symmetry of the 
hydraulic load distribution to the seven bearing blocks supporting the torque- 
tube, drive shaft, spool, and two operating arms (Plate 7).  Next, the frequency 
response of the model was measured by the force gauges installed in the 
bearing blocks and the operating arms. 

Initial tests for symmetry revealed that either a dry load or water load 
applied uniformly to the center of the gate was transferred and measured 
compositely by the gauges in the bearing blocks and operating arms.  The 
applied load was symmetrically distributed to the two operating arms but 
asymmetrically distributed to the seven bearing blocks.  Further investigation 
indicated that symmetry between the seven bearing blocks (Plate 7) could not 
be achieved because the drive shaft and torque-tube were constructed and 
aligned with the bearing blocks with a tolerance of 0.001 in., and the force 
gauges were sensitive to a deformation of 0.0001 in. Attempts to achieve 
symmetry with the seven bearing blocks were unsuccessful with a solid brass 
shaft that simulated the torque-tube and drive shaft (gate was not attached). 
Two bearing blocks were disconnected and the solid shaft was supported by 
bearing blocks 2, 3, 4, 5, and 6 (Plate 7).  A uniform load applied to the shaft 
was transferred asymmetrically to the bearing blocks.  Following these tests, it 
was decided to support the torque-tube with bearing blocks 2, 4, and 6 
(Plate 7).  Tests proved that symmetry within 10 percent could be achieved 
and that the three-bearing system would be acceptable for measuring hydraulic- 
induced forces. 

Tests to evaluate frequency response were conducted to ensure that the 
measured frequencies of the hydraulic-induced forces were not contaminated 
by the frequency response of the model.  The frequency response was obtained 
by exciting the model with a sudden impact force on the gate.  These tests 
were conducted in the dry and with water on one or both sides of the raised 
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gate.  Time-history plots of the horizontal and vertical frequency response and 
a spectrum of the frequencies for bearing block 2 with water on the upstream 
side of the raised gates are shown in Plate 10.  Plate 10 is typical of the 
natural frequencies measured at each bearing block and operating arm. 
Plate 10 shows predominant natural frequencies occurring between 30 and 
50 Hz.  This should be significantly higher than any hydraulic-induced 
frequency.  The natural frequencies of the model were considered too high to 
significantly influence either the magnitude or frequency of the hydraulic 
forces measured.  Tests also indicated no significant damping of the hydraulic 
pulsations.  The model had acceptable symmetry and frequency response and 
was then a viable tool for measuring the magnitude and frequency of the 
hydraulic-induced forces. 

Data Acquisition 

The data acquisition system was capable of simultaneously measuring all 
forces and pressures detected by the force gauges and pressure transducers. 
Data could be collected for various time periods and sampling rates. 

Typical Tests to Measure Forces 

A typical test to measure forces involved pretest zeroing of the force gauges 
and pressure transducers, setting the discharge and tailwater, and collecting 
data with all gates stationary or while raising or lowering the center gate at a 
simulated speed of 8 min.  Since the weight of the gate was zeroed out, only 
the hydraulic-induced forces were measured.  Following data collection, the 
posttest zeros were compared with the pretest zeros to determine if there was 
significant mechanical and/or electronic drift.  If the drift was significant, the 
test was rerun. 

Hydraulic Forces 

Hydraulic-induced forces and pressures were measured for various 
anticipated gate positions and hydraulic conditions.  Various gate positions and 
hydraulic conditions are shown in Photos 1 and 2.  Due to the large volume of 
data collected for the various gate positions and hydraulic conditions, only the 
conditions that generated the maximum hydraulic forces, pressure differentials, 
and moments are submitted in this report. 

The maximum load on the three bearing blocks was generated when all 
three gates were up with the maximum regulated upper pool elevation of 
119.0, a unit discharge of 50 cfs/ft (section model width 90 ft), and a tailwater 
elevation of 95.0.  The following tests were conducted with the center gate 
raising from 0 to 70 deg and the two adjacent gates up.  Plate 11 shows the 
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vertical and horizontal forces and moment about the center line of the torque- 
tube versus gate angle on bearing block 2.  When the gate angle was 70 deg, 
the maximum average vertical and horizontal forces and moment of 120 and 
119 kips and 130 kip-ft, respectively, occurred on bearing block 2 (Plate 11). 
Note that when the gate was in the down position, the force and moment 
curves indicated hydraulic uplift. 

Tests were conducted to evaluate hydraulic forces with the nappe unvented 
and vented (Plates 12 and 13, respectively).  Forces were measured when all 
gates were in a stationary raised position (70 deg) (Plate 12).  The test shown 
in Plate 13 was the same as the test in Plate 12 except the nappe was vented. 
A comparison of the forces in Plates 12 and 13 indicates that venting the 
nappe reduces the amplitude of the static and pulsating forces on the bearing 
blocks.  Unvented and vented nappes are shown in Photos 3 and 4. As shown 
in these photos, the water depth below the unvented nappe was 10.2 ft.  The 
water depth below the vented nappe was 6.3 ft.  The 6.3-ft depth of water 
under the vented nappe was caused by the upstream component of flow as the 
nappe plunged into the tailwater (Photo 4a).  Pressure below the unvented 
nappe decreased as the air below the nappe was expelled as the nappe plunged 
into the tailwater.  As the pressure decreased, the water beneath the nappe rose 
to an equilibrium depth of 10.2 ft.  The increase from vented to unvented 
water depth of 3.9 ft was equivalent to the reduction in pressure below the 
nappe.  Thus, the resultant hydraulic load on the gate was increased by this 
reduction in pressure on the downstream side of the gate (compare Plates 12 
and 13). The depth of water under the nappe generated by the upstream 
component of the nappe plunging into the tailwater reduces the hydraulic 
differential load on the gate for either vented or unvented flow conditions. 

The maximum pressure differential measured with the nine pressure 
transducers on each side of the gate during test 1108 (unvented nappe) is 
shown as pressure contours in Plate 14.  The nappe was vented, and the vented 
pressure contours are also shown in Plate 14.  This change in pressure from 
unvented to vented nappe correlates with the measurement of the change in 
water depth below the nappe (Photos 3 and 4).  A comparison of the unvented 
and vented nappes relative to the differential forces (Plates 12 and 13) and 
pressures (Plate 14) indicates that the vented nappe provides only a slight 
reduction in the differential forces and pressures.  Thus there is no significant 
reason for venting the nappe with nappe deflectors. 

Tests were conducted to determine if flow approaching a gate at an angle 
would affect the hydraulic loads on the gate.  Angle approach flows in the 
section model were simulated by use of a vane in the approach channel.  A 
comparison of forces measured without and with a 45-deg vane in the 
approach shows no significant change in magnitude of the hydraulic forces due 
to asymmetric flow approaching the gate.  Various approach flow angles up to 
a maximum of 45 deg were investigated, and no significant change in force, 
moment, or pressure was detected. 
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Towboat Passage Forces 

Tests to measure the hydraulic effects of a towboat passing over the center 
gate were conducted with a unit discharge of 50 cfs/ft and tailwater and pool 
elevations of 115.0 and 115.1, respectively.  The simulated single-screw 
towboat had a length of 130 ft, a width of 30 ft, a draft of 9 ft, and an 8-ft- 
diam Kort nozzle.  The towboat simulated a ground speed of about 7.0 ft/sec 
(prototype) upstream and about 9 ft/sec downstream.  The towboat in the 
section model is shown in Figure 5. 

As the towboat moved upstream over the lowered gates, hydraulic forces 
were measured by the force gauges mounted in the three bearing blocks. 
Plate 15 illustrates passage of the towboat bow, towboat, and propeller over 
the gate.  The measured hydraulic moment about the center line of the torque- 
tube is also shown in Plate 15.  The maximum uplift force and moment 
measured at bearing block 2 were 38 kips and 62 kip-ft (Plate 15). 

Forces measured as the towboat moved downstream over the gates are 
shown in Plate 16.  The measured hydraulic moment is also shown in Plate 16. 
A comparison of Plate 15 (upstream passage) and 16 (downstream passage) 
shows more of a gate uplift tendency generated by upstream passage of the 
towboat. 

Debris Passage Forces 

Debris trapped in the hydraulic turbulence downstream of the raised gates is 
shown in Photo 5.  The debris simulated log lengths of 10, 20, and 30 ft and 
diameters of 1, 2, and 3 ft, respectively.  Although the debris on the 
downstream side of the gates was retained in the roller generated by the return 
flow, it did not tend to collect on the gates.  For a unit discharge q of 50 cfs/ft 
and a tailwater elevation of 110, there was no impact load due to debris. 
When the tailwater elevation was lowered 5 ft to el 105.0, there was a debris 
impact load on the downstream side of the gates of about 70 kips.  A unit 
discharge of 50 cfs/ft provided sufficient depth to prevent impact as debris 
floating downstream passed over the top of the gates.  For a unit discharge of 
50 cfs/ft over the raised gates, debris was retained on the downstream side of 
gate, in the return flow, between tailwater elevations of 115.0 and 102. 

Gate Free-Fall Forces 

Tests were conducted with various hydraulic conditions to document the 
forces during and the time for free-fall of the center gate due to impact of a 
tow.  Free-fall of the gate due to impact of a tow was simulated by supporting 
the gate at 70 deg by a wire attached to the top of the gate and permitting the 
gate to fall by cutting the wire.  The gate free-fall time for a unit discharge of 
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Figure 5. Simulated towboat 
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9.8 cfs/ft, pool el 116.0, and tailwater el 115.0 was 5.4 sec.  Forces measured 
for these hydraulic conditions during free-fall of the gate are typical for unit 
discharges ranging from 9.8 to 133.3 cfs/ft.  Horizontal and vertical forces and 
moment measured on bearing block 2 versus gate position during free-fall of 
the gate are shown in Plate 17. During free-fall of the gate, the maximum 
reaction at bearing block 2 occurred at a gate angle of about 10 deg (Plate 17). 
The vertical and horizontal forces and moment measured at the 10-deg gate 
angle were -80 and +25 kips and -45 kip-ft, respectively.  The gate free-fall 
time for a unit discharge of 12.2 cfs/ft, pool el 116, and tailwater el 105 was 
3.4 sec. 

Spillway Discharge Characteristics 

A spillway discharge rating curve for free-flow conditions with all gates 
down is shown in Plate 18.  Free flow occurs when the upper pool is 
unaffected by tailwater.  Flow over the spillway in Plate 18 is presented as unit 
discharge or discharge per foot of crest length qc.  The pool elevation in 
Plate 18 was measured 90 ft upstream from the center line of the torque-tube 
(Plate 8) and does not include velocity head. A head-discharge rating curve 
for free flow is presented in Plate 19.  Head H is defined as the vertical dis- 
tance from the pool elevation to the top of the trashrack (gates down), as illus- 
trated in Plate 8.  Plate 19 also includes an empirical equation for the 
head-unit discharge relationship. 

The zone where free flow transitions to submerged flow (all gates down) 
was obtained by setting several constant discharges and raising the tailwater in 
increments from an elevation at which pool elevation was not affected to ele- 
vations where pool elevation was affected.  Tailwater elevations were mea- 
sured 300 ft downstream from the center line of the torque-tube.  The pool and 
tailwater elevations for various unit discharges where free flow begins to tran- 
sition to submerged flow are shown in Plate 20. 

The three gates were rotated 70 deg to their full upright position.  The top 
elevation of the gates was 115.0 (Plate 8).  A spillway gate unit discharge 
rating curve for free-flow conditions with all gates up is shown in Plate 21. 
The pool and tailwater elevations for various unit discharges where free flow 
begins to transition to submerged flow are shown in Plate 22.  The unit dis- 
charges shown in Plates 21 and 22 include leakage underneath and between the 
gates. 

Tests were conducted to determine the amount of leakage under and 
between the gates when the tailwater elevation was below the bottom of the 
gates and when the pool elevation was equal to the elevation of the top of the 
gates.  There were a 2-in. prototype gap between adjacent gates and a 2-in. 
prototype gap between the gate and flume sidewall.  The leakage between 
gates was about the same as the leakage between the gate and sidewall.  Mea- 
surement of total leakage L, was accomplished by measuring the flow rate 
required to maintain a pool elevation of 115.  The vertical gaps between each 
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gate and both end gates and sidewalls were sealed, and the flow rate required 
to maintain a pool elevation of 115 was measured. This measured unit flow 
rate, 5 cfs/ft, was equal to the leakage under the gates Lu.  The leakage through 
the gaps Lg was determined by the following equation: 

Lg-Lt- Lu (1) 

Model tests to determine leakage indicated the following leakage rates: 

Lu = 5 cfs/ft 

Lg = 20 cfs/gap 

Therefore, total leakage rate L, around 10 gates, each 30 ft long with a pool 
elevation of 115, would be computed as follows: 

L, = Lu(Nu) (GL) + (Ng) (Lg) (2) 

where 

Nu = number of gates up 

GL = gate length, ft 

Ng = number of gaps, gaps = Nu + 1 

Thus using Equation 2 to solve for L, gives 

L, = 5 cfs/ft (10 gates) (30 ft/gate) + (11 gaps) 20 cfs/gap 
= 1,720 cfs 

Leakage through the gates for pool elevations above 115.0 can be determined 
by comparing the rating curves in Plate 23. 

Tests were conducted to determine the change in effective crest length due 
to flow concentration around the side or sides of a raised gate.  Normally, flow 
contraction around a gate raised 90 deg would reduce the effective crest length. 
However, the gate or gates sloping at an angle of 70 deg permit an increase in 
effective crest length that offsets the loss in crest length due to flow contrac- 
tion around the side of a gate.  This is illustrated by a comparison of the cali- 
bration data in Plate 20 (all gates down) with the calibration data in Plate 24 
(two gates down and one gate up).  For a given pool and tailwater elevation, 
Plate 20 predicts about the same unit flow rate as Plate 24.  Flow contraction 
around the sides of a gate is illustrated in Photo 2. 
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An example of how to compute discharge through the structure is 
presented. 

a. Given: pool el 116.0, tailwater el 110, 
six gates up and four gates down 

b. Unit discharge: 

qc = 205 cfs/ft (Plate 20) 

qg = 10 cfs/ft (Plate 22) 

where 

qc = unit discharge (gates down) over crest, cfs/ft 

qg = unit discharge over raised gates, cfs/ft 

c. Total discharge: 

Ö, - 1C QfD){GL) + qg (Nu){GL) (3) 

where 

Q, = total discharge, cfs 

ND = number of gates down, gates 

Thus using Equation 3 to solve for Q, gives 

Q, = 205 cfs/ft (4 gates) (30 ft/gate) + 10 cfs/ft (6 gates) (30 ft/gate) 
= 26,400 cfs 

Water-Surface Profiles 

Tests were conducted to determine the water-surface profile over the center 
spillway gate. 

Water-surface profiles measured along the center line and right side of the 
center gate bay with the center gate down and the two adjacent gates up, an 
upper pool elevation of 119.0, and tailwater elevations of 95.0 and 115 are 
shown in Plate 9.  A water-surface profile measured with all gates up is also 
shown in Plate 9. 
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Stilling Basin and Riprap 

The stilling basin performance was evaluated for various anticipated flow 
conditions with various gate openings, discharges, and pool and tailwater ele- 
vations.  Various flow conditions are illustrated in Photo 6.  The stilling basin 
design is satisfactory and provides sufficient energy dissipation for all 
anticipated flows. 

Riprap stability upstream and downstream of the spillway was evaluated for 
anticipated flow conditions.  The riprap in the model is shown in Figures 6 
and 7.  The riprap was subjected over 5 hr (prototype) to each of the most 
adverse flow conditions.  The prototype riprap gradation limits and the riprap 
gradation simulated in the model upstream (LRD 5) and downstream (LRD 6) 
from the spillway are shown in Plate 25. These gradation curves show that the 
model riprap gradation was designed to be conservative.  The riprap used in 
the model had a unit weight of 160 pcf. 

The upstream and downstream riprap was stable for all anticipated gate 
positions and flow conditions. 
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Figure 6.  Riprap looking upstream 
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5    Structural Model Analysis 

General results of structural analyses and information pertinent to design 
hydraulic forces are discussed in this volume.  Fundamental formulations of 
analyses of the gate system under hydrodynamic flow are discussed in 
Report 2.1 

Phase 1, Design Reactions for Regular Operation 

During the experiments with the physical model at WES,  the maximum 
reaction response for regular operation was obtained when a unit discharge of 
water of 50 cfs ran over the system of fully raised gates (70-deg elevation) 
with the tailwater pool maintained at 95 ft (prototype level) and the headwater 
pool growing monotonically from about 114 to 119 ft (prototype level). 

Semiempirical design values for the reactions at the bearing supports of the 
spillway gate and at the actuator cylinder were calculated for both the 1:15- 
scale physical model and the prototype.  These design forces were obtained 
through finite element analyses of the corresponding structural idealizations 
subjected to a design distribution of the operational hydrodynamic pressure 
field acting on the fully raised gate. 

Initially, the pressure field on the skin plate of the gate in operation was 
estimated analytically using two separate methods:  a direct application of the 
theorem of moment of momentum and an implementation of the two- 
dimensional potential theory of hydrodynamics.  Both techniques rendered 
similar results and were compared with the experimental pressure measure- 
ments.    Plates 3 and 4 indicate the location of the 18 pressure cells (referred 
to prototype dimensions) equally distributed on the upstream (9 cells) and 
downstream (9 cells) sides of the gate to automatically record the time- 
histories of exerted pressures during the tests. 

The first objective of the analysis was to formulate a plausible design 

1 Luis A. de Bejar.  "Montgomery Point Lock and Dam Gate study; Report 2, Montgomery 
Point torque tube gate, a structural model study," Technical Report HL-95-14, U.S. Army 
Engineer Waterways Experiment Station, Vicksburg, MS. 
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pressure field to be applied to analytical models of the gate for finite element 
analyses, as schematically depicted by the displaced configuration in Plate 26. 
The pressure field is described along three different gate arcs: the left edge, 
the right edge, and the middle arc, looking in the downstream direction into 
the upstream side of the gate (Plate 27).  Plate 28 shows the minimum and 
maximum values of the experimental pressure acting on the upstream side of 
the gate during the controlling 100-sec test.  Notice that the curves represent 
polynomial fits on three data points, which explains the intersection between 
the upper and the lower bound curves for the middle arc toward the gate base. 
These minimum and maximum curves delimit narrow bands suggesting very 
little fluctuation of the pressure at a given location during the test.  Notice also 
that the theoretical estimation of the pressure field is an upper bound over 
most of the domain, except on a small region toward the gate base. 

The proposed design pressure line AB in Plate 29 represents a compromise 
between safety against the 100-sec tests and total safety against the pressure 
cell readings in the 200-sec tests.  As the plate shows, during the 200-sec tests 
without nappe ventilation, some unconservative readings took place toward the 
gate ridge.  However, due to certain practical difficulties during the installation 
of the pressure cells, there is reason to believe that these readings are slightly 
off their correct value, and therefore, to introduce further conservatism against 
them may not be justified.  The following design pressure line was proposed 
as a reasonable envelope for both the theoretical estimations and the maximum 
readings during the experiments on the physical model: 

p = 40 + 3.9 s   [psf], (4) 

where s is the curvilinear coordinate, in., along the l:15-scale gate arc and/? is 
in lbf/ft2. 

This design pressure field was used as input for separate finite element 
analyses of the l:15-scale physical model and the prototype.  The physical 
model was built out of brass, for constructional convenience, on one central 
and two external supports, whereas the prototype will be constructed in struc- 
tural steel, on five supports (one support under each external and internal edge 
of the torque-tubes and a central support).  Plate 30 describes the labels 
attached to the various supports in the respective models.  The structural 
geometries were constructed analytically using the preprocessor PATRAN-3, 
the finite element processes were executed by ABAQUS, and the postprocess- 
ing of output information was again effected by PATRAN-3. 

Plate 31 shows the displaced shape of the l:15-scale physical model sub- 
jected to the design pressure field given by Equation 4, and Table 1 reports the 
reaction forces acting on the three bearings.  The upstream and downstream 
load cells at each support are labeled in Table 1 with numbers 1 and 2, respec- 
tively (refer to Report 2 for details on the instrumentation setup).  Notice that 
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the results for only one edge support are reported in the table, since the results 
for the other edge support are identical, due to symmetry.  The magnitude of 
total resultant bearing reaction turned out 50 percent higher than experi- 
mentally measured.  The corresponding force in the actuator /^ was 131.4 lbf. 

The prototype was next subjected to the design pressure field properly 
scaled (kp = 15), and Table 2 reports the reactive forces required for the actual 
design of the bearings.  These reactions are for ideal conditions and do not 
consider any misalignment in the torque-tubes or imperfections in the construc- 
tion.  The corresponding force in the actuator cylinder F^ was 1,699.4 kips. 

No indication of local yielding was detected during the finite element 
analysis of either gate. 

Phase 2, Hydraulic Pressure Field for 
Unusual/Extreme Operations 

In phase 2 of the experimental project, design total pressure lines were con- 
structed for additional tests involving unusual/extreme loading conditions. 
Table 3 describes the characteristics of each test.  Plates 32-51 present the 
most relevant deterministic information for the individual tests in the series 
(analytical expressions for each design pressure line appear at the bottom of 
each plot, referred to prototype dimensions).  In general, for each reference 
longitude in the gate (i.e., right edge, middle arc, and left edge), two bound 
pressure fields are determined for each region, as measured experimentally. 
The upper bound curve is obtained from the maximum total pressure on the 
upstream side of the gate alone.  The lower bound curve represents the maxi- 
mum net pressure on the upstream side of the gate, obtained as the algebraic 
summation of the maximum and minimum pressure fields on the upstream and 
downstream sides of the gate, respectively.  A parabolic polynomial was fitted 
to the three-point spectral data extracted from pressure cell time-histories of 
response along a given reference longitudinal arc of the gate during the experi- 
ments (100 sec per test). 

In reviewing the data from this phase of the study, it was discovered that a 
key pressure cell had malfunctioned during the experiments.  As indicated in 
Table 3, the controlling tests of the Phase 2 study were repeated and new 
design pressure fields on the gate generated. 

The hydraulic pressure envelopes in Plates 50 and 51 refer to the prototype 
and are provided as information to the designer.  They are expressed 
algebraically as follows: 

a. For the right edge (Plate 51): 

-80.0s + 1,000 lbf/ft2, 0 s 5 < 5 ft 
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18.755 + 506.25 lbf/ft2, 5 ft s s < 13 ft, 

9.649s2 - 169.1228s + 1,317.895 lbf/ft2,       13 ft s s < 20 ft 

b. For the middle arc (Plate 50): 

16.2s2 - 348.5s + 1,996.2 lbf/ft2,      0 =s s < 4.5 ft, 

11.533s + 704.1 lbf/ft2, 4.5 ft s s < 15 ft, 

10.9s2 - 193s + 1,319.6 lbf/ft2, 15 ft s s < 17.5 ft. 

c. For the left edge (Plate 51): 

-100.0s + 1,500 lbf/ft2, 0 s s < 7 ft, 

+ 800 lbf/ft2, 7 ft s s < 14.5 ft, 

127.27s - 1,045.46 lbf/ft2, 14.5 ft s s < 20 ft 

These input forcing functions should be used in the context of allowable stress 
design for structural steel; i.e., there is no need for further factoring the loads 
since sufficient conservatism has already been built into the estimation 
procedure. 
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6    Discussion and Summary 
of Test Results 

Initially, verification tests were conducted to ensure that the l:15-scale 
section model would simulate and permit measurement of the magnitude and 
frequency of the hydraulic forces acting on the instrumented gate.  Verification 
tests were accomplished by applying known forces to the gate and then 
evaluating the moment, magnitude, frequency, and symmetry of the forces 
detected by the gauges mounted in the operating arms and bearing blocks. 

Hydraulic forces were measured during operation of the gate and for 
various gate positions and hydraulic conditions.  The maximum force on the 
gate bearing blocks occurred with all gates in the raised position (70 deg). 
Maximum vertical and horizontal forces and moment of 120 and 119 kips and 
130 kip-ft, respectively, were measured. 

In general, the hydraulic forces in the tests of phase 2 of the experimental 
project were of larger magnitude than those in phase 1, due to larger unit 
discharges.  The tests controlling the design hydraulic pressures are test 1192 
(former test 1160), for the upper region of the gate, and tests 1179 and 1180 
(former tests 1139 and 1140), for the intermediate and deep regions of the 
gate.  All these tests feature the central and left gates in raised position.  In 
tests 1179 and 1192, the right gate was also held raised; but in the case of 
test 1179, the central gate (instrumented) was kept stationary, whereas in 
test 1192, the central gate was lowered during the test (with the upstream pool 
maintained above the normal level, simulating improper operation).  In 
test 1180, the right gate was held steadily in lowered position (with the 
upstream pool maintained at the peak level, simulating extreme normal 
operation). 

Forces measured with the nappe vented and unvented revealed that venting 
the nappe only slightly reduced the magnitude of the static and pulsating 
forces.  Forces on the gate derived from pressure measurements on the 
upstream and downstream faces of the gate were similar to those measured at 
the bearing blocks.  Installation of nappe deflectors to vent the nappe and 
thereby reduce the differential pressure acting on the gate may not be justified. 

Tests were conducted to measure the uplift forces acting on the gate due to 
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the passage (upstream and downstream) of a towboat over the lowered gates. 
Upstream passage of the boat generated more uplift on the gate than 
downstream passage.  The maximum uplift force and moment measured at 
bearing block 2 were 38 kips and 62 kip-ft. 

Evaluation of debris passage over the raised gates indicated that, for tail- 
water elevations between 102 and 115, debris would be retained on the 
downstream side of the gates in the hydraulic roller generated by the return 
flow.  The debris did not attached to the downstream side of the gates.  Debris 
circulating in the hydraulic roller would occasionally strike the gate, and 
impart a force that was detected by the gauges in the bearing blocks and 
operating arms.  The tests indicated that debris was not a significant factor in 
hydraulic performance of the structure. 

Forces and time-histories were documented for various flow conditions due 
to free-fall of the center gate.  Free-fall of the gate due to barge impact was 
simulated by cutting a wire supporting the gate in the raised position.  During 
free-fall of the gate the maximum reaction at bearing block 2 occurred at a 
gate angle of 10 deg.  The vertical and horizontal forces and moment 
measured at the 10-deg gate angle were -80 and +25 kips and -45 kip-ft, 
respectively. 

Hydraulic performance of the spillway was satisfactory and was 
documented for various gate openings, discharges, and upper and lower pool 
elevations.  The spillway was calibrated for free and submerged flow 
conditions. 

Tests were conducted with the pool elevation at the top of the raised gates 
(el 115.0) to determine the amount of leakage under and between the gates. 
Computations based on empirical results from the model indicated that the 
total leakage for the 10 prototype gates would be 1,720 cfs when the tailwater 
is below the bottom of the gates. 

Water-surface profiles measured along the center line and right side of the 
center gate with the gate down for an upper pool of 119.0 and various 
tailwater elevations were documented. 

Hydraulic performance of the stilling basin and the stability of riprap 
upstream and downstream of the spillway were evaluated.  Stilling basin per- 
formance was documented with photographs and was satisfactory for all 
anticipated flow conditions, including single gate operation.  Energy dissipa- 
tion for all anticipated flow conditions was sufficient to prevent displacement 
of riprap downstream from the stilling basin.  Riprap upstream of the spillway 
and downstream from the stilling basin was stable for all anticipated flow 
conditions. 

The information provided in this report describes for the most adverse 
anticipated flow conditions the frequency and magnitude of the pulsating 
hydraulic force acting on the spillway gate.  Also provided is hydraulic 
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performance relative to towboat and debris passage, spillway performance, and 
adequacy of the stilling basin and riprap located upstream and downstream 
from the spillway.  The information in this report can be used to evaluate the 
safety of the structure, predict hydraulic performance of the structure, and to 
make structural improvements as necessary. 

33 
Chapter 6   Discussion and Summary of Test Results 



Table 1 
Summary of Finite Element Analysis Bearing Reactions, 
1:15-Scale Model (Three Supports) 

Support 
Type 

Force on Edge, Ibf Force on Center, Ibf Algebraic 
Sum of 
Components, Ibf Load Cell 1 Load Cell 2 Load Cell 1 Load Cell 2 

Vertical 
component 25.32 -83.40 46.90 -91.73 -160.99 

Horizontal 
component 41.00 41.00 41.90 41.90 247.80 

Resultant 
force 48.19 92.93 62.89 100.85 295.50 

Note: A minus sign indicates compressive force on the support. 

Table 2 
Summary of Finite Element Analysis Bearing Reactions, 
Prototype (Five Supports) 

Support Type 

Force, kips 

External Edge Internal Edge Center 

Algebraic 
Sum of 
Components, kips 

Vertical 
component -200.87 -221.61 -376.19 -1,221.15 

Horizontal 
component 388.00 444.29 1,259.54 2,924.12 

Resultant force 436.91 496.49 1,314.52 3,168.86 

Note: A minus sign indicates compressive force on the support. 
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a.  Unit discharge 16.7 cfs/ft; pool el 115.5; tailwater el 95.0 

b. Unit discharge 50 cfs/ft; pool el 119; tailwater el 110 

Photo 1. Various flow conditions, all gates 70 deg (Continued) 
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c.  Unit discharge 50 cfs/ft; pool el 120; tailwater el 115 

Photo 1.  (Concluded) 



a.  Pool el 115.0; center gate 0 deg; side gates 70 deg 
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SI 
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b. Pool el 118.2; center gate 60 deg; side gates 70 deg 

Photo 2. Various gate positions, unit discharge 50 cfs/ft; tailwater 
el 95.0 (Continued) 



M «S.i !*?* 

!\P-i 

c. Pool el 118.2; center gate 60 deg; side gates 70 deg 

Photo 2.  (Concluded) 



a. Profile 

b. Downstream view 

Photo 3.  Unvented nappes, unit discharge 50 cfs; pool el 119.2; tail- 
water el 95.0; all gates open 70 deg 
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a.  Profile 

b. Downstream view 

Photo 4. Vented nappes, unit discharge 50 cfs; pool el 119.2; tailwater 
el 95.0; all gates open 70 deg 



a. Viewed from downstream 
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b. Profile 

Photo 5.  Debris passage, discharge 50 cfs/ft; pool el 119.3; tailwater 
el 110.0 



a.  Unit discharge 50 cfs/ft; pool el 119.3; tailwater el 95.0; all gates 
70 deg 
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b. Unit discharge 50 cfs/ft; pool el 119.4; tailwater el 110.0; all gates 
70 deg 

Photo 6. Stilling basin performance (Sheet 1 of 3) 



c.  Unit discharge 50 cfs/ft; pool el 115.1; tailwater el 115.0; all gates 
Odeg 
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d.  Unit discharge 58.9 cfs/ft; pool el 115.0; tailwater el 95.0; center 
gate 0 deg; side gates 70 deg 

Photo 6.  (Sheet 2 of 3) 
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e.  Unit discharge 83.3 cfs/ft; pool el 121.0; tailwater el 95.0; all gates 
70deg 
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Ws&W 
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f.  Unit discharge 100 cfs/ft; pool el 122.0; tailwater el 110.0; all gates 
70 deg 

Photo 6.  (Sheet 3 of 3) 
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a. TAILWATER EL 95 
CENTER GATE DOWN 
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-TOP OF GATE EL 115.0 

EL 102.0 

TORQUE 
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EL 96.25 
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TOP OF GATE        EL 115.0 
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NAPPE UNVENTED 
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©PRESSURE TRANSDUCER 

NOTE:   PRESSURES GIVEN  IN  FEET OF WATER 

PRESSURE DIFFERENTIAL CONTOURS 
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bearings supporting the gate indicated that their natural frequencies were too high to influence the magnitude of 
the measured hydraulic dynamic forces. 
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13.   (Concluded). 

Test results are presented in pressure contour plots, time-history plots, tables, and graphs.   The test 
results provided information for design guidance to ensure the integrity of the spillway, spillway gates, stilling 
basin, and riprap. 


